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ABSTRACT
The e l e c t r o n  o p t i c s  u se d  i n  a n g u l a r  c o r r e l a t i o n  m easu rem en ts  
were m o d if ie d  i n  o r d e r  t o  m easu re  b o th  t h e  A2  and t h e  A^ c o r r e l a t i o n  
c o e f f i c i e n t s  o f  t h e  c o r r e l a t i o n  f u n c t i o n :
W(d) = £ ^2K ^2K ( c o s ®-)
K
A new e x p e r im e n ta l  method f o r  t h e  s tu d y  o f  t h e  e l e c t r o n  c o n v e r s io n  p r o c e s s  
i n v o lv i n g  t h e  b2  p a r t i c l e  p a ra m e te r  i s  o u t l i n e d .
The m o d i f ie d  o p t i c s  sy s tem  was employed in  a  ^  -  JL
d i r e c t i o n a l  c o r r e l a t i o n  e x p e r im e n t  f o r  t h e  2 +------------ ^ 2 +----------^ 0 + c a sc a d e
in  ^gA u^® . The r e s u l t s  o f  t h e  e x p e r im e n t  were a n a ly s e d  a c c o r d in g  t o  t h e
new method a b o v e .
From t h i s  e x p e r im e n t ,  t h e  v a lu e  o f  t h e  b2 p a r t i c l e  p a ra m e te r
o b t a i n e d  was:
b2  = 1 .1 9  £  0 .1 0
T h is  r e s u l t  a g r e e s  w i th  t h e  t h e o r e t i c a l  c a l c u l a t i o n  o f  b2  
o b t a i n e d  by B ie d e n h a rn  and Rose (1 9 5 3 )  w i t h in  t h e  l i m i t s  o f  e x p e r im e n ta l  e r r o r .
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CHAPTER I
ANGULAR CORRELATIONS IN NUCLEAR SPECTROSCOPY
( i )  I n t r o d u c t i o n
I f  a  n u c l e u s  u n d e rg o e s  e m is s io n  o f  two r a d i a t i o n s  i n  s u c c e s s io n  
( n u c l e a r  ^ o r  -  r a d i a t i o n ,  o r  s e c o n d a ry  r a d i a t i o n s  from  t h e  
s u r r o u n d in g  e l e c t r o n  s h e l l s ) ,  t h e i r  c o r r e l a t i o n s  a r e  an a t t r a c t i v e  and 
u s e f u l  f i e l d  o f  s t u d y .  Such s t u d i e s  can  be d i v i d e d  i n t o  e s s e n t i a l l y  two 
k in d s :  s p a t i a l  c o r r e l a t i o n s  and t im e  c o r r e l a t i o n s .  The f i r s t  on es
( a n g u l a r  c o r r e l a t i o n s )  c o n s t i t u t e  t h e  t o p i c  o f  t h i s  c h a p t e r .  F o r  c o m p le te n e s s ,  
how ever , i t  may be s a i d  t h a t  t im e  c o r r e l a t i o n s  s t u d i e s  c o n c e rn  t h e  t im e  d e l a y  
betw een t h e  two t r a n s i t i o n s  (d e la y e d  c o i n c i d e n c e s )  and  t h a t  in  many c a s e s ,  
t h e  p u rp o se  o f  t h e s e  s t u d i e s  i s  t h e  d e t e r m i n a t i o n  o f  t h e  c o in c i d e n c e  i n t e n s i t y  
o f  two k in d s  o f  t r a n s i t i o n s ,  i . e .  t h e  number o f  t r a n s i t i o n s  o f  t h e  f i r s t  k in d  
f o l l o w i n g  ( o r  p r e c e d in g )  t h e  o t h e r . i n  t h e  c o n s t r u c t i o n  o f  d e c a y  schem es.
O f te n ,  o n ly  a  v e r y  ro u g h  knowledge o f  c o in c i d e n c e  i n t e n s i t i e s  i s  n e c e s s a r y  
f o r  t h i s  l a s t  p u r p o s e .
( i i )  A n g u la r  C o r r e l a t i o n  o f  S u c c e s s iv e  R a d i a t i o n s
The p h o to n s  e m i t t e d  by a  sam ple  in  which a  l a r g e  number o f  n u c l e i  
a r e  u n d e rg o in g  i d e n t i c a l  -  r a y  t r a n s i t i o n s  w i l l  be i s o t r o p i c  i n  t h e  l a b o r a t o r y  
c o o r d i n a t e s .  T here  i s  no p r e f e r r e d  d i r e c t i o n  o f  e m is s io n  f o r  t h e  -  r a y
pho ton  from  t h e  i n d i v i d u a l  t r a n s i t i o n  1 ^-----£ ---- ^ 1 ^ b e c a u se  t h e  a tom s and
n u c l e i  a r e  o r i e n t e d  a t  random . The same i s  t r u e  f o r  -  r a y ,  -  r a y  and
c o n v e r s io n  e l e c t r o n  e m is s io n .  I f  t h e  t r a n s i t i o n  I  a.------------- *?Ib  i s  f o l lo w e d  by
a  second  t r a n s i t i o n  l b -----------^ l c >  t 'ne i n d i v i d u a l  r a d i a t i o n s  from t h e  second
t r a n s i t i o n  a r e  l i k e w i s e  i s o t r o p i c  i n  t h e  l a b o r a t o r y  c o o r d i n a t e s .
1
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2However, in  a two s t e p  c a s c a d e  t r a n s i t i o n ,  such  a s
I a  —----- >  I j j ---------^ — ^ I c t h e r e  i s  o f t e n  an  a n g u l a r  c o r r e l a t i o n  betw een
t h e  d i r e c t i o n s  o f  e m is s io n  o f  two s u c c e s s iv e  -  r a y  p h o to n s  an d^.a ,
which a r e  e m i t t e d  from  t h e  same n u c l e u s .  O f ten  t h e r e  a r e  s i m i l a r  a n g u la r  
c o r r e l a t i o n s  f o r  o t h e r  p a i r s  o f  s u c c e s s i v e  r a d i a t i o n s ,  such  a s
(w here JL means a  c o n v e r s io n  e l e c t r o n ) ,  ............
The e x i s t e n c e  o f  an a n g u la r  c o r r e l a t i o n  a r i s e s  b e c au se  t h e  
d i r e c t i o n  o f  t h e  f i r s t  r a d i a t i o n  i s  r e l a t e d  t o  t h e  o r i e n t a t i o n  o f  t h e  
a n g u l a r  momentum 1^ o f  t h e  i n t e r m e d i a t e  l e v e l .  T h i s  o r i e n t a t i o n  can  be 
e x p r e s s e d  i n  t e rm s  o f  t h e  m ag n e t ic  a n g u la r  momentum quantum number m-Q 
w i th  r e s p e c t  t o  some l a b o r a t o r y  d i r e c t i o n  such  a s  t h a t  o f  t h e  f i r s t  r a d i a t i o n .  
I f  Ifc i s  no r  z e r o ,  and i f  t h e  l i f e t i m e  o f  t h e  i n t e r m e d i a t e  l e v e l  i s  s h o r t  
enough so t h a t  t h e  o r i e n t a t i o n  o f  p e r s i s t s ,  t h e n  th e  d i r e c t i o n  o f  e m is s io n  
o f  t h e  second r a d i a t i o n  w i l l  be r e l a t e d  t o  t h e  d i r e c t i o n  o f  I-D and hence  t o  
t h a t  o f  t h e  f i r s t  r a d i a t i o n .
( i i i )  The P urpose  o f  A ngular  C o r r e l a t i o n s
The a n g u l a r  c o r r e l a t i o n  o f  r a d i a t i o n s  e m i t t e d  o r  a b s o rb e d  in  
n u c l e a r  p r o c e s s e s  h a s  been one o f  t h e  p r i n c i p a l  t o o l s  a v a i l a b l e  f o r  t h e  
n u c l e a r  s p e c t r o s c o p y  o f  e x c i t e d  s t a t e s .
The in f o r m a t io n  t h a t  can  be o b t a in e d  from  a n g u la r  c o r r e l a t i o n  
work d e p e n d s  on t h e  t y p e  o f  r a d i a t i o n  o b s e rv e d  ( B j ^ ; J2-~ on t a e  
p r o p e r t i e s  t h a t  a r e  s in g l e d  o u t  by t h e  e x p e r im e n t  ( d i r e c t i o n ,  p o l a r i z a t i o n ,  
e n e r g y ) ,  and on t h e  e x t r a n u c l e a r  f i e l d s  a c t i n g  oh t h e  n u c l e u s .
I f  we assum e t h a t  th e  d e c a y in g  n u c l e i  a r e  f r e e ,  i . e .  t h a t  no 
e x t r a n u c l e a r  f i e l d s  a c t  on t h e  n u c le u s  and d i s t u r b  i t s  o r i e n t a t i o n  in  t h e  
i n t e r m e d i a t e  s t a t e ,  t h e n ,  t o  t h e  e x t e n t  t h a t  t h i s  can  be r e a l i z e d  in  p r a c t i c e ,  
a n g u l a r  c o r r e l a t i o n  m easurem ents  p ro v id e  i n f o r m a t io n  a b o u t  t h e  p r o p e r t i e s  o f  
t h e  n u c l e a r  l e v e l s  in v o lv e d  and a b o u t  t h e  a n g u la r  momenta c a r r i e d  away by t h e
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3and d i r e c t i o n a l  c o r r e l a t i o n s
y i e l d  t h e  s p in s  o f  t h e  n u c l e a r  l e v e l s ,  b u t  n o t  t h e  p a r i t i e s .  The r e l a t i v e  
p a r i t i e s  can be d e te r m in e d ,  how ever, i f  one o b s e rv e s  in  a d d i t i o n  t o  t h e  
d i r e c t i o n ,  t h e  p o l a r i z a t i o n  o f  t h e  -  r a y s ,  o r  i f  one m ea su res  t h e  
d i r e c t i o n a l  c o r r e l a t i o n  between c o n v e r s io n  e l e c t r o n s  (.£ ) .  JL~ — ^  
c o r r e l a t i o n s  p ro v id e  new in f o r m a t io n  c o n c e r n in g  t h e  d e t a i l s  o f  n u c l e a r  
s t r u c t u r e ,  v i z ,  t h e  newly d i s c o v e r e d  " n u c l e a r  p e n e t r a t i o n  m a t r ix  e le m e n ts "  
[C hurch  and W eneser, ( 1 9 5 6 ) ] .  A ngu la r  c o r r e l a t i o n s  t h a t  in v o lv e  e i t h e r  t h e  
p o l a r i z a t i o n  o f  ^  -  p a r t i c l e s  o r  t h e  c i r c u l a r  p o l a r i z a t i o n  o f  ^  -  r a y s ,  
y i e l d  in f o r m a t io n  on t h e  i n t e r a c t i o n  in  p  -  d e c a y .
The in f o r m a t io n  t h a t  can  be o b t a in e d  from  t h e  i n f l u e n c e  o f  
e x t r a n u c l e a r  f i e l d s  on t h e  n u c l e a r  a n g u l a r  c o r r e l a t i o n  i s  a l s o  m u l t i f o l d .
Very o f t e n ,  one can  d e te rm in e  t h e  q u a d ru p o le  c o u p l in g  from  t h e  change o f  
t h e  c o r r e l a t i o n  due t o  e x t r a n u c l e a r  f i e l d s .  In  many c a s e s ,  one can m easure  
t h e  g -  f a c t o r  o f  an e x c i t e d  n u c l e a r  s t a t e  by o b s e rv in g  t h e  d i r e c t i o n a l  
c o r r e l a t i o n  a s  a  f u n c t i o n  o f  an  e x t e r n a l  m a g n e t ic  f i e l d .  From t h e  g -  f a c t o r  
one g e t s  t h e  m a g n e t ic  moment i f  t h e  s p in  o f  t h e  n u c l e a r  s t a t e  i s  known, 
e . g .  f rom  t h e  u n p e r tu r b e d  d i r e c t i o n a l  c o r r e l a t i o n .
The above s p e c i f i e d  in f o r m a t io n  by no means e x h a u s t s  t h e  v a s t  
amount o f  knowledge o b t a i n a b l e  from  a n g u la r  c o r r e l a t i o n s .  F u r th e r  
e l a b o r a t i o n ,  how ever, i s  beyond t h e  scope  o f  t h i s  work.
( i v )  T heo ry  o f  A ngu la r  C o r r e l a t i o n s
( a )  I n t r o d u c t i o n
The t h e o r y  o f  a n g u la r  c o r r e l a t i o n  i s  h ig h ly  d ev e lo p ed  and g e n e r a l  
e x p r e s s i o n s  can  be w r i t t e n  dov.-n f o r  even v e r y  complex s i t u a t i o n s .  However, 
t h e  g e n e r a l  f o r m u la t io n  o f  t h e  t h e o r y  i s  v e ry  c o m p l ic a te d  and i s  somewhat 
l e n g t h y .  Very good f o r m u la t io n s  o f  t h e  t h e o r y  a r e  p r e s e n t  in  t h e  l i t e r a t u r e
r a d i a t i o n s .  To be more p r e c i s e ,  d -  <.
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4[B ie d e n h a rn  and R o se ,  ( 1 9 5 3 ) ] .  V7e w i l l  t h e r e f o r e  p r e s e n t  i n  t h i s  s e c t i o n  
a  s im p le  t r e a t m e n t  o f  d i r e c t i o n a l  c o r r e l a t i o n  t h a t ,  w h i l e  r e s t r i c t e d  i n  
i t s  u s e f u l n e s s ,  p r o v id e s  some i n s i g h t  i n t o  th e  c o r r e l a t i o n  m echanism .
The common f e a t u r e  o f  a l l  c o r r e l a t i o n  p rob lem s i s  t o  be 
found  i n  t h e  f a c t  t h a t  t h e y  i n v o l v e  an  i n i t i a l  n u c l e a r  s t a t e  o f  s h a rp  
a n g u la r  momentum and p a r i t y  t h a t  un d e rg o es  s u c c e s s i v e  t r a n s f o r m a t i o n s  
e i t h e r  e m i t t i n g  o r  a b s o r b in g  r a d i a t i o n s  th ro u g h  i n t e r m e d i a t e  n u c l e a r  s t a t e s  
o f  s h a r p  a n g u l a r  momenta I a , I b . . . .  w i t h  s h a r p  p a r i t y  and t e r m i n a t i n g  as  
a  n u c le u s  w i th  s h a r p  a n g u l a r  momentum I 2  and p a r i t y .  T h is  a s su m p t io n  o f  
s h a r p  a n g u l a r  momenta and  p a r i t y  i s  r e s t r i c t i v e  and d i s t i n g u i s h e s  t h e  
c o r r e l a t i o n  p rob lem  from sa y  t h e  c l o s e l y  r e l a t e d  p ro b le m  o f  t h e  a n g u la r  
d i s t r i b u t i o n  o f  n u c l e a r  r e a c t i o n s  which show c o h e r e n t  m ix in g  o f  t h e  
i n t e r m e d i a t e  n u c l e a r  s t a t e s .
( b )  The T h e o r e t i c a l  D i r e c t i o n a l  C o r r e l a t i o n  F u n c t io n
The s c h e m a t i c  p i c t u r e  o f  a  d i r e c t i o n a l  c o r r e l a t i o n  m easurem ent 
i s  shown i n  F ig u re  1 . 1 .  A n u c l e a r  c a sc a d e  i n v o l v i n g  s t a t e s  a ,  b ,  c  w i th  
s p i n s  I a , 1 ^ ,  I c o c c u rs  th ro u g h  t h e  s u c c e s s i v e  e m is s io n  o f  p a r t i c l e s  
( o r  p h o to n s )  Rj_ and R2  ( I t  i s  assum ed h e r e  t h a t  th e  s p i n s  and  p a r i t i e s  o f
t h e  s t a t e s  a ,  b ,  c a r e  w e l l  d e f i n e d ) .
The m ost c o n v e n ie n t  fo rm  i n  which t o  e x p r e s s  t h e  c o r r e l a t i o n  
f u n c t i o n  W (& ) i s :
W( ©•) = £  AK PK ( c o s © )  ( 1 .1 )
M o
The f u n c t i o n s  a r e  L egendre  p o ly n o m ia l s .  The c o e f f i c i e n t s  A^ c o n ta i n
a l l  th e  p h y s i c a l  i n f o r m a t i o n .  U s u a l ly  one ch o o ses  Ag = 1 ,  so  t h a t  th e
c o r r e l a t i o n  f u n c t i o n  i n t e g r a t e d  o v e r  a l l  a n g le s  i s  u n i t y :
( , (1*2)
\  W ( & )  d - n -  =
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Ia
b
c
5-n-
C o u n te r  I
C o in c id e n c e s
S o u rc e
C o u n te r  ^
( a ) ( b ) ( c )
F ig u r e  1 ,1  S c h e m a t ic  o f  a  D i r e c t i o n a l  C o r r e l a t i o n  M easurement
( a )  N u c l e a r  c a s c a d e
( b )  W ( & )  An. i s  t h e  r e l a t i v e  p r o b a b i l i t y  t h a t  t h e  r a d i a t i o n  R]_ i s  e m i t t e d  i n t o  t h e  s o l i d
a n g le  d-n. a t  an a n g le  ©• w i th  r e s p e c t  t o  R2 .
( c )  The two c o u n t e r s  1 and  2 s u b te n d  an a n g l e  &■ a t  t h e  s o u r c e .  From t h e  c o in c id e n c e  
c o u n t  r a t e  a s  a  f u n c t i o n  o f  a n g l e ,  C ( d> ) , one o b t a i n s  a f t e r  s u i t a b l e  c o r r e c t i o n  th e  
c o r r e l a t i o n  f u n c t i o n  W (£ j .
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6At t h i s  p o i n t  we i n t r o d u c e  t h e  f o l l o w in g  n o m e n c la tu re  f o r  
a  d o u b le  c a s c a d e ,  v i z ,  I a  ( )  1 5  (L2 ) I c where I a , Ijj and I c d e n o te  
t h e  a n g u la r  momenta o f  t h e  f i r s t ,  i n t e r m e d i a t e  and f i n a l  n u c l e a r  l e v e l s ,  
and Lj_, and L2 a r e  t h e  a n g u la r  momenta o f  t h e  two s u c c e s s iv e  r a d i a t i o n s .
T hree  g e n e r a l  r u l e s  f o r  t h e  c o e f f i c i e n t s  ho ld  f o r  a l l  t y p e s  
o f  p a r t i c l e s :
0
Rule 1 e x p r e s s i n g  t h e  f a c t  t h a t  o n ly  even Legendre p o ly n o m ia ls  
a p p e a r ,  h o ld s  a s  lo n g  a s  one m e a s u re s  o n ly  d i r e c t i o n s  and l i n e a r  p o l a r i z a t i o n s  
o f  t h e  r a d i a t i o n s .  The o b s e r v a t io n  o f  t h e  c i r c u l a r  p o l a r i z a t i o n ,  how ever, 
i n t r o d u c e s  a l s o  odd i n t e g e r s .
Rule 2 s t a t e s  t h a t  t h e  h i g h e s t  te rm  i-n The e x p a n s io n  i s
s m a l l e r  t h a n ,  o r  e q u a l  t o ,  t h e  s m a l l e s t  o f  t h e  t h r e e  numbers 2 1 ^ ,  2Lj_,
2 L2  where L^ _ and L2  a r e  t h e  a n g u la r  momenta c a r r i e d  away by and R2 .
T h is  r u l e  i m p l ie s  i s o t r o p i c  c o r r e l a t i o n  i f  t h e  a n g u la r  momentum o f  e i t h e r
o f  t h e  r a d i a t i o n s '  o r  o f  t h e  i n t e r m e d i a t e  s t a t e  equals ' 0  o r  1 / 2 .
Rule 3 e x p r e s s e s  t h e  f a c t  t h a t  t h e  c o e f f i c i e n t s  A^ f o r  a
c a s c a d e  can  be broken  up i n t o  two f a c t o r s ,  each  f a c t o r  d e p e n d in g  on o n ly
one t r a n s i t i o n  o f  t h e  c a s c a d e .  The second  f a c t o r  Ak ( b , c )  f o r  i n s t a n c e  i s
e n t i r e l y  d e te rm in e d  by t h e  p r o p e r t i e s  o f  t h e  l e v e l s  b and c o f  t h e
A
r a d i a t i o n  R2 .
E q u a t io n  1 .1  i s  v e r y  g e n e r a l  i n d e e d ,  and w ith  t h e  p ro p e r  
e v a l u a t i o n  o f  A-^  i t  a p p l i e s  t o  a l l  two s t e ?  c a s c a d e s  ^  ~ J
y e t c .  a s  w e l l  a s  t o  n u c l e a r  s c a t t e r i n g  e x p e r im e n t s  and 
n u c l e a r  d i s i n t e g r a t i o n s .
K i n t e g e r ,  even ( 1 )
^  Kmax. ^  ( 2 I b> 2L1> 2L2> ( 2 )
AK = AK ak ( fa, c )  ^
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7N um erica l  v a l u e s  f o r  t h e  f a c t o r s  Ax ( a , b )  f o r  g iv e n
p r o p e r t i e s  o f  t h e  l e v e l s  ( a )  and (b )  and o f  t h e  r a d i a t i o n  R have been
c a l c u l a t e d  and t a b u l a t e d  f o r  m ost c a s e s  o f  i n t e r e s t .
As an  example o f  t h e  a b o v e ,  c o n s i d e r  t h e  d i r e c t i o n a l
c o r r e l a t i o n  betw een s u c c e s s iv e  g a r a a  r a y s  in  t h e  c a s c a d e  shown in  
F ig u re  1 .  2 ( a )  ( I a = 2+, l b  = 2+ , I c <» 0+ ) .  The second  gamma r a y  in
t h i s  c a s c a d e  m ust be pu re  q u a d ru p o le ,  and from  t h e  r e f e r e n c e s  in  t h e
l i t e r a t u r e ,  we f i n d  t h e  c o r r e s p o n d in g  d i r e c t i o n a l  c o r r e l a t i o n  f a c t o r s  
A2  ( b , c )  = -0 .5 9 7 6 ,  A4  ( b , c )  = - 1 .0 6 9 .  I f  we assume t h e  f i r s t  t r a n s i t i o n  
t o  be pure  a l s o ,  f o r  i n s t a n c e  d i p o l e  r a d i a t i o n  (L i  = 1 ) ,  we f i n d  
im m e d ia te ly  A2 ( a , b )  = -0.4-183 and A4  ( a , b )  = 0 and hence
A2  = 0 .2500  and Ai; = 0 . These v a l u e s  have  t o  be compared w ith
e x p e r im e n t .
.j. «i_ j.
G e n e r a l ly ,  how ever, t h e  f i r s t  t r a n s i t i o n  i n  a 2 —5 * 2 -----5 * 0
c a s c a d e  w i l l  be m ixed , i . e .  t h e  r a d i a t i o n  c a r r i e d  away i n v o l v e s  more 
th a n  one s i n g l e  v a lu e  o f  a n g u la r  momentum. A ngu la r  momentum s e l e c t i o n  
r u l e s  a l l o w  Lj_ = 1 , 2 , 3  o r  4 . As a  r u l e  o n ly  t h e  two lo w e s t  m u l t i p l e s ,
Lj_ = 1 ,  and = 2 ,  o c c u r  w i th  m e a s u ra b le  i n t e n s i t y  [ c f .  F ig u re  1 . 2 ( b ) ] ,  
The c o e f f i c i e n t s  A2 ( a , b )  and  A4. ( a , b )  and hence  a l s o  Ag and At; now 
become c o n t i n u o u s  f u n c t i o n s  o f  t h e  m ix in g  r a t i o  £  , which i n  t h i s  c a s e  
i n d i c a t e s  t h e  r a t i o  o f  a m p l i tu d e  o f  t h e  q u a d ru p o le  t o  t h a t  o f  t h e  d i p o l e  
c o n t r i b u t i o n  ( &  i s  d e f i n e d  a s  t h e  r a t i o  o f  t h e  t o t a l  i n t e n s i t y  o f  t h e  
L* p o le  t o  t h a t  o f  t h e  L p o l e ) .
The most c o n v e n ie n t  r e p r e s e n t a t i o n  o f  t h e  dependence  o f  A2 
and A^ on i s  a p a r a m e t r i c  p l o t  [C olem an, ( 1 9 5 8 ) ] :  one d raw s t h e  c u rv e
A2  = A2 ) » At| = A14. (<r  ) in  an A2  -  A^ p la n e  [The f u n c t i o n s  Ap « T )  
and A4. (cT ) a r e  c a l c u l a t e d  from t h e  fo rm u la s  and c o e f f i c i e n t s  by 
F r a u e n f e l d e r  (1 9 5 5 ) ,  3 ie d e n h a rn  and Rose (1 9 5 3 ) ,  F e r e n t z  and Rosenzw eig
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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I a =2 +
V 2+'
I c= °1
L, = 1
L i = 2
( a )  (b )
F ig u re  1 .2  A c a s c a d e .
( a )  2 +------------- ^  2 +---------------- s*Q+ c a sc a d e  (w here  th e
s u p e r s c r i p t  + d e n o te s  e v en  p a r i t y ) ,  o c c u r r i n g  f r e q u e n t l y  
i n  e v e n -e v e n  n u c l e i .
( b )  The f i r s t  gamma r a y  fr, i s  u s u a l l y  m ixed i n  t h i s  c a s e ;  
th e  two dom inan t a n g u l a r  momenta b e in g  = 1 , = 2 .
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9(1 9 5 5 ) ,  and Arns and  Wiedenbeck ( 1 9 5 8 ) ] .  A p a r a m e t r i c  p l o t  f o r  t h e  c a s c a d e
2 +------------ ^ - 2 +---------- s » 0 + i s  shown i n  F ig u re  1 . 3 .  The e x p e r im e n ta l  p o i n t s
w i th  c o o r d i n a t e s  A2 j 6 Xp > and Ai|j 6 Xp^ must l i e  on t h i s  c u r v e  and t h u s  y i e l d  
v a l u e s  f o r  s ig n  and m ag n itu d e  o f  t h e  m ix in g  r a t i o  S ' .
(v )  P a r t i c l e  P a ra m e te r s
At t h i s  p o i n t  we r e c a l l  t h e  fo rm  o f  t h e  A^ c o e f f i c i e n t s ,  v i z ,
Ak = Ak ( a , b )  Ak ( b , c ) .  From t h e  t h e o r y  o f  a n g u la r  c o r r e l a t i o n s  i t  may be 
shown [B ied e n h a rn  and R ose , (1 9 5 3 ) ]  t h a t  t h e  i n d i v i d u a l  f a c t o r s  Aj< ( a , b )  
and Aj  ^ ( b , c )  a l s o  f a c t o r  i n t o  two s e p a r a t e  f a c t o r s  nam ely  i n t o  a 
" n u c l e a r  f a c t o r "  which d epends  on s p e c i f i c  n u c l e a r  p r o p e r t i e s ,  and  a 
" g e o m e t r i c a l  f a c t o r "  which d e s c r i b e s  t h e  geom etry  o f  t h e  p rob lem .
I t  i s  c o n v e n ie n t  t o  a d o p t  t h e  a n g u la r  c o r r e l a t i o n  f u n c t i o n
a s  t h e  s t a n d a r d  r e p r e s e n t a t i o n  o f  t h e  "g eom etry"  o f  t h e  c o r r e l a t i o n  p r o c e s s  
and t o  e x p r e s s  t h e  a n g u la r  c o r r e l a t i o n  f o r  d i f f e r e n t  r a d i a t i o n s  by d e f i n i n g  
a  m u l t i p l i c a t i v e  p a r t i c l e  p a ra m e te r  bj< t o  e f f e c t  t h e  n e c e s s a r y  change  from  
t h e  s t a n d a r d  c o r r e l a t i o n .  Of c o u r s e ,  t h e  c h o ic e  o f  t h e  c o r r e l a t i o n
a s  t h e  s t a n d a r d  one i s  a r b i t r a r y .  We c o u ld  have  chosen  t h e
c o r r e l a t i o n  w h ich , from  t h e  p o i n t  o f  v iew  o f  a n a l y t i c a l  s i m p l i c i t y  and 
a v a i l a b i l i t y  o f  n u m e r ic a l  r e s u l t s ,  would have  been a lm o s t  e q u a l l y  s u i t a b l e .  
However, t h e  f a c t  t h a t  t h e  p a r i t y  r e s t r i c t i o n  p r e c l u d e s  t h e  m ix in g  o f  even 
and odd L m i l i t a t e s  a g a i n s t  t h i s  c h o i c e .  For ^ - r a y s  t h e  p a r i t y  f o r  g iven  
L d e p e n d s  on t h e  c h a r a c t e r  o f  t h e  r a d i a t i o n  ( e l e c t r i c  o r  m a g n e t ic )  and 
m ix tu r e s  o f  a l l  L, L* p a i r s  ( c o n s i s t e n t  w i th  a n g u la r  momentum c o n se - rv a t io n  )
a r e  p e r m i s s i b l e  in  p r i n c i p l e .
P a r t i c l e  p a ra m e te r s  b^ may be in t r o d u c e d  t o  e x p r e s s  t h e  a n g u la r  
c o r r e l a t i o n  betw een any  two s u c c e s s iv e  r a d i a t i o n s .  The d e t a i l e d  i n fo r m a t io n  
o b t a i n a b l e  from  t h e  u s e  o f  t h e s e  p a ra m e te r s  i s  beyond t h e  sco p e  o f  t h i s  work.
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F ig u re  1 .3  A p a r a m e t r i c  p l o t .
P a r a m e t r i c  p l o t  o f  th e  d i r e c t i o n a l  c o r r e l a t i o n  c o e f f i c i e n t s
A2  and A14 f o r  th e  c a sc a d e  2 +--------------^ 2 +-------------- > 0 + . &  i s
t h e  m ix ing  r a t i o  (q u a d ru p o le  t o  d i p o le  r a d i a t i o n )  i n  t h e  f i r s t  
t r a n s i t i o n .  The cu rv e  i s  l a b e l e d  w i th  th e  v a lu e s  o f  t h e  
p a ra m e te r  . Two e x p e r im e n ta l  p o i n t s  a r e  shown.
i - u i
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Of p a r t i c u l a r  i n t e r e s t  t o  u s  h e re  i s  t h e  —j l  a n g u la r
c o r r e l a t i o n  s i n c e  t h e  e x p e r im e n t  pe rfo rm ed  in  t h i s  t h e s i s  was t h e
*• 198679 Kev -  4-12 Kev jSl. a n g u la r  c o r r e l a t i o n  in  Au . A  new e x p e r im e n ta l
t e c h n i q u e  i n v o lv i n g  t h e  b^ p a r t i c l e  p a ra m e te r s  was em ployed .
( v i )  The New T echn ique
( a )  I n t r o d u c t i o n
A new e x p e r im e n ta l  t e c h n i q u e  f o r  t h e  s tu d y  o f  t h e  i n t e r n a l  
c o n v e r s io n  p r o c e s s  has  been d e v e lo p e d .  The new method i m p l i e s  an  i n d i r e c t  
and  a c c u r a t e  d e t e r m i n a t i o n  o f  t h e  p a r t i c l e  p a ra m e te r  b2  from  an 
e x p e r im e n ta l  m easurem ent o f  t h e  bi*. p a r t i c l e  p a r a m e te r .  I t  i s  shown t h a t  
t h e  a c c u r a c y  in  t h e  v a lu e  f o r  b 2  t h u s  o b t a in e d  i s  c o n s i d e r a b l y  h ig h e r  
t h a n  would be p o s s i b l e  on t h e  b a s i s  o f  a  d i r e c t  m easurem ent o f  b2 . On 
t h e  b a s i s  o f  t h e  t h e o r y  o f  Green and Rose (1958)^ t h e  p a r a m e te r  b2 when 
a c c u r a t e l y  d e te r m in e d ,  may be u se d  t o  d e r i v e  e x p e r i m e n t a l  v a l u e s  f o r  any  
dynamic c o n t r i b u t i o n s . t o  t h e  c o n v e r s io n  p r o c e s s  i f  t h e y  a r e  p r e s e n t .  
However, t o  be d e c i s i v e  f o r  t h i s  a n a l y s i s  b2 h a s  t o  be known t o  w i th in  a 
few  p e r c e n t .  An e x p e r im e n ta l  a c c u r a c y  o f  t h i s  o r d e r  h a s  so f a r  n o t  been 
p o s s i b l e  t o  a c h ie v e .
(b )  The New Method For A c c u ra te  0 2  D e te rm in a t io n s
The u s u a l  e x p a n s io n  o f  t h e  c o r r e l a t i o n  f u n c t i o n  W (O) i n  te rm s
o f  L egendre  p o ly n o m ia ls ,  r e a d s ,  in  t h e  c a s e  o f  gamma -  gamma d i r e c t i o n a l
c o r r e l a t i o n s :
W( f r y )  = £  A2 i< ( f r y )  P2K ( c o s £ b )  ( 1 . 3 )
For p u re  gamma -  e l e c t r o n  ( £ ,-J L )  c o r r e l a t i o n s  a  s i m i l a r  
e x p a n s io n  a p p l i e s :
W ( ^ ^ j C )  = £  A2K P2K ( c o s  S ')  ^
= ^ b2K A2K ( f f )  P2K ( c o s  &■)
r-
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Thus from  a  s tu d y  o f  t h e  gamma -  e l e c t r o n  and gamma -  gamma 
c o r r e l a t i o n s  m easu red  w i th  t h e  same s o u rc e  and u n d e r  i d e n t i c a l  
e x p e r i m e n t a l  c o n d i t i o n s  we o b t a i n :
A2  ( £ a T  ) ( 1 .5 )
b 2 =  _________
a 2  ( )
A4 ( ^  Jl' ) ( 1 .6 )
b 4 = ____________
A4 ( >
T h is  com parison  m ethod h a s  t h e  a d d i t i o n a l  a d v a n ta g e  t h a t  th e  
p a r t i c l e  p a ra m e te r s  d e te rm in e d  by ( 1 . 5 )  and  ( 1 . 5 )  a r e  u n a f f e c t e d  by a l l  
a t t e n u a t i o n s  c a u se d  by e x t r a - n u c l e a r  f i e l d s  s i n c e  t h e  a t t e n u a t i o n  c o e f f i c i e n t s  
i f  p r e s e n t  d i s a p p e a r  i n  t h e  r a t i o s .
The v a lu e  f o r  b 2  t h u s  o b t a i n e d  c a n n o t  be s u f f i c i e n t l y  
a c c u r a t e l y  d e te r m in e d  t o  b e  o f  s i g n i f i c a n c e  f o r  a n a l y s i s  o f  dynamic e f f e c t s .  
However, th e .  two p a r t i c l e  p a ra m e te r s  a r e  n o t  m u tu a l l y  i n d e p e n d e n t .  As 
shown by B ie d e n h a rn  and Rose (1 9 5 3 )  b 2  and b4  a r e  i n t e r - r e l a t e d  by means 
o f  a r e c u r s i o n  f o r m u la .  I n  t h i s  p a r t i c u l a r  c a s e ,  w i th  t h e  n u m e r ic a l  
c o n s t a n t s  i n t r o d u c e d ,  t h e  r e c u r s i o n  f o rm u la  r e a d s :
b 2  = 1.4. -  b 4  ( 1 . 7 )
2; 5
C o n s e q u e n t ly  we may use  o u r  e x p e r i m e n t a l l y  d e te r m in e d  bi* 
v a lu e  t o  d e r i v e  a  c o r r e s p o n d in g  v a lu e  f o r  b 2 . M oreover ,  b e c au se  o f  th e  
a p p e a ra n c e  o f  t h e  n u m e r i c a l  f a c t o r s  1 .4  and t h e  2 .5  i n  t h e  d e n o m in a to r  th e  
r e l a t i v e  e r r o r  i n  b 2  i s  c o n s i d e r a b l y  s m a l l e r  th a n  th e  c o r r e s p o n d in g  e r r o r  
i n  b ^ .  T h u s ,  p r o v id e d  bi+ can be  m easu red  w i th  a  r e a s o n a b le  d e g re e  o f  
a c c u r a c y ,  t h e  c o r r e s p o n d in g  v a lu e  f o r  b 2  w i l l  be  q u i t e  p r e c i s e l y  d e te rm in e d .  
T h is  c o n d i t i o n  i s  f u l f i l l e d  w henever  A4  ( C C ) i s  s u f f i c i e n t l y  l a r g e  which
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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T h is  i n d i r e c t  way t o  a r r i v e  a t  a b 2  v a lu e  from a 
m easurem ent o f  b 4 , r e s u l t s  i n  an a c c u ra c y  which i s  c o n s id e r a b l y  
h i g h e r  t h a n  i s  p o s s i b l e  t o  a c h ie v e  i n  any d i r e c t  d e t e r m i n a t i o n  o f  b 2
< i  * • ) .from t h e  m easu red  A2 ( * V  and A2
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CHAPTER I I  
CORRECTIONS FOR FINITE SOLID ANGLE
( i )  C o r r e c t i o n s  f o r  t h e  Gamma Chan n e l
The c o in c id e n c e  c o u n t i n g  r a t e  p e r  u n i t  s o l i d  a n g le  s in  &■ dio- cL<p 
(where t h e  a n g l e s  r e p r e s e n t  t h e  r e l a t i v e  o r i e n t a t i o n  o f  t h e  p r o p a g a t io n  
v e c t o r s  o f  t h e  two r a d i a t i o n s )  f o r  an  a n g u la r  c o r r e l a t i o n  m easurem ent 
i s  p r o p o r t i o n a l  t o :
W(S-) = ^2K ^2 K ( c o s  ( 2 . 1 )
K
The m easu red  c o r r e l a t i o n ,  how ever, i s  l e s s  t h a n  t h e  t r u e  c o r r e l a t i o n  
b e c au se  o f  t h e  f i n i t e  s o l i d  a n g le  t h a t  t h e  two d e t e c t o r s  m ust su b te n d  in  
a n y  f e a s i b l e  e x p e r im e n t .
When t h e  d e t e c t o r s  f o r  t h e  two r a d i a t i o n s  s u b te n d  f i n i t e  s o l i d  
a n g l e s a n d - r v ^ a t  t h e  s o u r c e ,  i t  i s  a d v i s a b l e  t o  m o d ify  t h e  t h e o r e t i c a l  
c o r r e l a t i o n  and  compare t h i s  sm eared  c o r r e l a t i o n  w i th  t h e  m easu red  o n e .
The geom etry  e n v is a g e d  i s  shown in  F ig u re  2 .1 .  The d e t e c t o r s  ( s c i n t i l l a t i o n  
c o u n t e r s )  a r e  assum ed t o  be c r y s t a l s  c u t  in  t h e  form  o f  r i g h t  c i r c u l a r  
c y l i n d e r s  w i th  t h e  b a se  o r i e n t e d  to w a rd s  t h e  s o u r c e .  The s o u r c e ,  a t  t h e  
o r i g i n ,  i s  on t h e  i n t e r s e c t i o n  o f  t h e  a x e s  o f  t h e  c y l i n d e r s .  In  t h i s  c a s e ,  
a s  t h e  f o l l o w i n g  shows, t h e  form  o f  t h e  c o r r e l a t i o n  f u n c t i o n  i s  unchanged  
and e a c h  c o e f f i c i e n t  A2 K becomes m u l t i p l i e d  by an  a t t e n u a t i o n  f a c t o r  f o r  
which one  can o b t a i n  an e x a c t  and v e r y  s im p le  e x p r e s s i o n .  T ak ing  i n t o  
a c c o u n t  t h e  a b s o r p t i o n  o f  t h e  r a d i a t i o n  i n  e a ch  c r y s t a l ,  we i n t r o d u c e  th e  
f o l l o w i n g  n o t a t i o n .  The d i s t a n c e  from  t h e  s o u rc e  t o  t h e  f r o n t  f a c e  o f  each  
c r y s t a l  I s  h ,  t h e  t h i c k n e s s  i s  t ,  and r  i s  t h e  r a d i u s  o f  t h e  c r y s t a l .  I f  
x( B)  i s  t h e  d i s t a n c e  t r a v e r s e d  by t h e  r a d i a t i o n  i n c i d e n t  on t h e  c r y s t a l  a t
-rxtsj
an a n g le  B w i th  t h e  a x i s ,  t h e  a b s o r p t i o n  i s  p r o p o r t i o n a l  t o  ( | — JL )
where T  i s  t h e  a b s o r p t i o n  c o e f f i c i e n t .  Then t h e  m easu red  c o r r e l a t i o n
14
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F ig u re  2 .1  A geom etry  o f  two ^ d e t e c t o r s .
Geometry f o r  f i n i t e  r e s o l u t i o n  i n  a n g u la r  
momentum. The n o t a t i o n  a p p l i e s  f o r  s i n g l e s  
c o u n ts  as  i n  a n g u l a r  d i s t r i b u t i o n  m ea su rem e n ts .
The az im u th  a n g le s  @t and a r e  m easu red  w i th  
r e s p e c t  t o ' . t h e  c y l i n d e r  a x e s  and  A2 r e s p e c t i v e l y .
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f u n c t i o n  would be:
_  f j - s  W ( s . '  ( \ -  m. r * ‘) ( l - 4 .  )
W f o J  = 7 ---------------------------------------- f f t t ------------- ? n ------------------- ( 2 - 2)
j  J j L ,  d -n - s .  ( ( - - “■ ' i (  I -
where xj_ and  X2  r e f e r  t o  t h e  two c r y s t a l s ,  and ef-A-a a r e  t h e  s o l i d
a n g le  e l e m e n t s  f o r  e a ch  r a d i a t i o n ,  and O- i s  t h e  a n g le  betw een t h e i r  
p r o p a g a t io n  v e c t o r s ,  w h i le  &  i s  t h e  a n g le  betw een t h e  c y l i n d e r  a x e s .
The r e q u i r e d  i n t e g r a l s  a r e  o f  t h e  fo rm :
X j I =  ^  ^C 0 S  ^  ^ I ' r X *)  (2. 3)
which by a p p l i c a t i o n  o f  t h e  L egendre  p o ly n o m ia l  a d d i t i o n  theo rem  r e d u c e s  
t o :
where
I = P ^ c o s  &) J ^ t ) ( 2 .
( 2 . 5 )
o
^  b e in g  t h e  h a l f  a n g le  s u b te n d e d  on t h e  f r o n t  f a c e ,  and ( 1 ) and  ( 2 ) 
r e f e r  t o  t h e  r e s p e c t i v e  c r y s t a l s .  We have t o  e v a l u a t e  Jjj. t o  o b t a i n  t h e  
r e q u i r e d  c o r r e c t i o n  f a c t o r s .  F i n a l l y ,  we have :
V / { 6 )  =1 W % a ) ] ^  ft ( o s  0-)
( t . o i / (  T o . u ) /
t /3V(i) \ I 7^(3. )] ft* fa ( o s e )  (2-6)
^  u )  j ( j 0  c a j y
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The a t t e n u a t i o n  f a c t o r  i s :
~ ' ( h ( 2 . 7 )
w
f o r  s i m i l a r  d e t e c t o r s ,  and f o r  ^ * r a y s  w ith  s i m i l a r  a b s o r p t i o n  c o e f f i c i e n t s .  
F o r  a  s i n g l e  d e t e c t o r  a s  would be u se d  i n  an  a n g u la r  d i s t r i b u t i o n  m ea su re ,  
w i th  t h e  d a t a  r e p r e s e n t e d  by e q u a t io n  1 . 1 , t h e  a t t e n u a t i o n  f a c t o r  would 
be s im p ly :
U s - )  --  To ( 2 . 8)
V alues  f o r  j  J~Q and j  J"o have been c a l c u l a t e d  
( F ig u r e s  2 .2  and 2 . 3 )  by West (1959) f o r  c r y s t a l  s i z e s  o f  1 1 /2  in c h e s  in  
d i a m e te r  by 1 i n c h  l o n g ,  1 3 /4 "  x 2 " ,  2" x 2 " ,  and 3" x 3" f o r  s o u rc e  t o  
c r y s t a l  f a c e  d i s t a n c e s  o f  3 , 5 , 7  and 10 cm.
In  t h e  c o r r e l a t i o n  e x p e r im e n t  t o  be d e s c r i b e d
(C h a p te r  V) a 2" x 2" c r y s t a l  and a  1 3 /4 "  x 2" c r y s t a l  were u t i l i z e d  a t  
a  d i s t a n c e  o f  10 cm. from  t h e  s o u r c e .  The g ra p h s  ( F i g u r e s  2 .2  and  2 . 3 )  
th e n  y i e l d  t h e  f o l l o w i n g  v a l u e s  f o r  t h e  c o r r e c t i o n  f a c t o r s :
i j t  j - )  = 1  =  ° - 96S
Jo f o r  2 " x 2 " c r y s t a l
\
-  0 . 8 8 6
Jo
*  5 :  =  ° ‘ 9 7 3
To f o r  1 3 /4 "  x 2" c r y s t a l
=  J V  = 0 .9 1 2
To
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( i i )  C orrection s fo r  th e E lectron Channel
Apart from th e  c o rr ec tio n  fa c to r s  fo r  th e
— channel d iscu sse d  above, we have in  th e  ca se  o f  an e lec tro n  
c o r r e la t io n , a ls o  to  apply due c o r r e c tio n s  fo r  th e  smearing out o f  the  
d ir e c t io n a l c o r r e la t io n  owing to  th e  f i n i t e  aperture angle subtended by 
th e accepted  cone o f  e le c tr o n s  in  th e  beta spectrom eter.
In t h i s  c a s e , the form o f  th e  jl~— co rrectio n  fa c to r ,  denoted  
5g _ I s i m i l a r  t0  th e  p rev io u sly  d iscu ssed  co rrectio n  fa c to r
s in c e  th e  geom etrical arrangements o f  d e te c to r  and source in  both  
c a s e s  are  s im ila r  (compare F igures 2 .4  and 2 .1 ) .
Then, fo r  th e  channel th e  appropriate exp ression  fo r  
( ^"J i s  given by:
T
x J  f ^ i c o s  d )  Q ( d ) S l  H s/<K 
£ ( * “)= -= * ----------------------------------------------------------- (2 .9 )
j  $ ( . d )  s i h  d  d  oC
£K
where d . a n d r e p r e s e n t  th e minimum and maximum e lec tro n  ta k e -o f f  a n g les  
I i
(F igure 2 .4 )  and (^(sO i s  th e  d e tec to r  e f f ic ie n c y  fo r  th e  em ission  an gle  c{.
Equation (2 .9 )  i s  to  be compared with th e exp ression  fo r  
^  » namely:
f
f  n  f  - T * ( p ) s
j  ) Po ( C o S  $ ) i  | -  -a } S l h &  & 5
o
I t  i s  ev id en t from a comparison o f  equations (2 .9 )  and (2 .1 0 )  
and o f  F igures 2 .1  and. 2 .4  th at th e  exp ressio n  <p(«0s'*et in  th e  je.: ca se  i s  
eq u iv a len t to  th e  exp ression  (  | -  i  T'/C?) J^jn g £n -the ^ ,-c a se . Further,
i t  i s  seen  th a t th e  in teg ra tio n  over o< from dj----------------- in th e  4 .-  case  i s
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C r y s t a l
Figure 2 .4  A geometry o f  an 4 . -  channel.
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eq u iv a len t to  the in te g r a t io n  over B from O— in  th e  £ - c a s e .
In g en era l, th en , th e  exp ression  fo r  th e  ex p erim en ta lly  
measured d ir e c t io n a l  c o r r e la t io n  becomes:
Ni
W (© •) = 1 + A2 P2 (cos© -) + A4 Pj| (cos© -) (2 .1 1 )
where $■ and ^  are alw ays £. J and rep resen t th e  t o t a l  smearing out o f  th e  
angular c o r r e la t io n  p attern  due t o  th e  f i n i t e  a p ertu res in  th e  two ch an n els .
In p a r t ic u la r , fo r  an c o r r e la t io n :
Z  ^ ^  ^  I ( 2 . 1 2 )
, $v 2 . /
R eturning to  equation  ( 2 .9 ) ,  i t  may be noted th a t  fo r  sm all 
tra n sm issio n  s e t t in g s  where i s  very n ea r ly  equal to  o{  ^ > we ob ta in :
^  ( £ )  Pg, ( c os p<- J
t.JI. fa ( “ > * * )  (2 .1 3 )
 ^ (2 .1 4 )
These fu n c t io n s , ( i . e . P2 (c o s  cO and P4 (c o s  o() ) are reproduced in  Figure 2 .5 . 
At h igh er tran sm ission  s e t t in g s  th e  approximate r e la t io n s  (2 .1 3 )  and (2 .1 4 )  
no lo n g er  ap p ly . Both fa c to r s  d e c r e a se , more ra p id ly  than f As in c e  the  
tra n sm issio n  in c r e a se s  w ith ot,, and la r g e r  o (-va lu es th e r e fo r e  dominate th e  
c o n tr ib u tio n s  to  the and in t e g r a ls ,  an e f f e c t  which i s  more pronounced 
fo r  th e  fa c to r  than i t  i s  f o r  th e  fa c to r . For t h i s  reason  th e  
ex p er im en ta lly  measured and fa c to r s  a t  h igher tran sm issio n  s e t t in g s  no 
lon g er  correspond to  th e  geom etr ica l mean va lu e fo r  o(. We u s e , o f  co u rse , 
our experim ental v a lu e s  fo r  and .
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F ig u re  2 .5  Graphs o f  P2 (c o s c O  and P4 ( c o s c O ,
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( i i i )  The P0 , ?2 , P4 B a ff le s
Three s p e c ia l b a f f le s ,  th e  s o -c a l le d  Pq, P2 and P4 b a f f le s  
(F igure 2 .6 ) ,  are used to  ev a lu a te  equations ( 2 .8 )  and (2 .9 )  ex p erim en ta lly .
The ? 2  and P  ^ b a f f le s  have been made such th a t th ey  sim u late  
a and- a p4 d is tr ib u t io n  r e s p e c t iv e ly .  The reduced cou n tin g  ra te  
th e r e fo r e  becomes a d ir e c t  measure of th e  sm earing out e f f e c t s .  The Pq 
b a f f le  i s  u sed , o f co u rse , fo r -n o rm a liza tio n . The P  ^ b a f f le  and th e  P2 
b a f f le  have openings cu t in  them each o f  which has an area g iven  by:
811
r e s p e c t iv e ly ,  where K = c o n sta n t, w hile th e  P0 b a f f le  has openings o f
spectrom eter en tran ce , the count r a te s  obta ined  w i l l  be p rop ortion a l to
(2 .1 5 )
* 1
(2 .1 6 )
area:
(2 .1 7 )
c£i
I f  th e  P2 or P4 , and th e  Pq b a f f le s  are now p laced  in turn a t  th e
th e areas o f  th e  b a f f le  open ings. Hence:
M  ( P.J
■ M N E B C fT V  n c  u / i u n c n o  i i r d a d v
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and
o ] f  Q U )  Pt+ ( C° S  << ) S i  h f C  J  p(
r  h \  I  <J____________________________________ f  (2.19)
1/ ( f t )  ^  *
|  (5 («0 Sl h  ck J  <L
*(
where N(P2 )» N (Pi|), N(Pq) are th e  r e sp e c t iv e  count r a te s  w ith  th e  
?2 » **4 an<* p0 b a f f le s .  i n p la c e .
( iv )  A F ina l Note
I t  i s  noted here th a t  th e  angular c o r r e la t io n  fu n ctio n  i s  
o fte n  w ritten  a s  fo llo w s :
W(d>)s l  + ^  G2 A2 P2 ( co s Pi| (cos<S«) (2 .2 0 )
where G2 and G4 are a tten u a tio n  f a c t o r s .  In th e  ca se  o f  £  -  ja.” 
c o r r e la t io n s  th ere  are  th ree  p o s s ib le  kinds o f  attenuation-m echanism s, 
n a m e ly ^ a fte r -e ffe c ts  o f  K -  h o le  form ation , e le c tr o n  s tr a g g lin g  and s t a t i c  
quadrupole in te r a c t io n  [Gerholm, Holmberg, P e tte r so n , (u n p u b lish ed )]. For 
th e  experim ent in  Au-1,98 t o  be d escr ib ed , i t  was found by th e  above authors  
. th a t  G2 and Gj| are  e s s e n t ia l ly  u n ity .
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CHAPTER I I I
THE BAFFLE SYSTEMS
( i )  The Gerholm Instrument
The spectrom eter used in  t h i s  experim ent i s  due to  
T. R. Gerholm (1 9 6 1 ). Magnetic momentum s e le c t io n  i s  provided in  th e  
e le c tr o n  channel which c o n s is t s  o f  an iron  in cap su led  lo n g  le n s  beta ray 
spectrom eter w ith " tr ia n g u la r  f ie ld "  fo c u s s in g . The instrum ent i s  a 
m o d ifica tio n  o f  th e  e le c tr o n -e le c tr o n  co in c id en ce  spectrom eter e a r l ie r  
developed by Gerholm.
F igure 3 .1  (a )  i s  a schem atic o f  th e  a ”--a." sp ectrom eter , 
whereas Figure 3 .1  (b ) i s  a schem atic o f  th e  sp ectrom eter. )
The " tr ia n g u la r  f ie ld "  d is tr ib u t io n  i s  d ep ic ted  in  Figure 3 .2 .  
Magnetic f i e l d  measurements [Gerholm, (1 9 6 1 )]  show th a t  th e  source i s  in  
a f i e l d  f r e e  reg ion  and th a t  th e  stren gth  o f  th e  m agnetic f i e l d  in c r e a se s  
roughly  p rop ortion a l to  th e  d is ta n c e  from th e  so u rce , when measured a lon g  
th e  a x is  o f  symmetry.
( i i )  Ring Focus and B a ff le s
In a le n s  spectrom eter, th e  e le c tr o n s  le a v in g  th e  source a t  
an entrance a n g le  t o  th e  a x is  e v e n tu a lly  retu rn  to  th e  a x is  again  to  
form an image. The sp h e r ic a l ab erration  o f t h i s  image i s  la r g e  fo r  many 
f i e l d  shapes. A p o s it io n  o f  minimum sp h e r ic a l ab erra tio n  g e n e r a lly  occurs  
b efore th e  e le c tr o n s  c r o s s  th e  a x is  a t  th e  s o -c a l le d  r in g  fo cu s (F igure 3 .3 ) .  
A great improvement in  performance i s  ob ta ined  by p la c in g  th e  d e fin in g  
b a f f le s  a t  t h i s  fo c u s  ra th er  than a t  th e d e te c to r  [N ic h o ls , (1954.)],
Ring fo c u ss in g  i s  employed in  th e  Gerholm instrum ent.
28
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D etector
Spectrom eter A xisSource
Figure 3 .3  Ring Focus
( i i i )  R eso lu tion  and Transm ission
The r e so lu tio n  o f  a spectrom eter i s  u su a lly  determ ined by 
o b serv in g  i t s  response to  a source o f  m ono-energetic e le c tr o n s . When 
th e  cou n tin g  r a te  i s  p lo tte d  a s  a fu n c tio n  of th e  m agnetic f i e l d  B, or 
th e  momentum p , one ob ta in s  resp on se cu rves o f  th e  type shown below  
(F igure 3 .4 ) t
PO
p _ -------^
Figure 3 .4
The r e so lu t io n  R i s  d e fin ed  a s  ( 4  J3/  p0 ) where Ap i s  th e  
momentum spread a t h a lf  maximum and Pq i s  th e  momentum a t th e peak cou n tin g  
r a te .  R i s  independent o f  p^. I t  should be noted th a t each instrum ent 
has I t s  own c h a r a c te r is t ic  l in e  p r o f i le  determ ined by i t s  own p a r t ic u la r  
fo c u s s in g  p r o p e r tie s , but t h i s  d e f in i t io n  o f  R can be used fo r  a l l  o f  them.
The tran sm ission  to o f  a spectrom eter i s  d efin ed  a s  the
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fr a c t io n  o f  th e  e le c tr o n s  o f  momentum p em itted  from th e  source which 
a r r iv e  a t  th e  d e te c to r  when th e  instrum ent i s  focu ssed  on p. The 
exp ression  ( /  H-TT ) ,  where djn~ i s  equal to  th e  s o l id  an g le  subtended
by th e  b a f f le  system , i s  a good approxim ation o f w .
( i v )  The A2 and A  ^ B a f f le  Systems
(a )  S p ec ia l Remarks
The r e so lu t io n  o f  a m agnetic spectrom eter i s  e s s e n t ia l ly  
determ ined by th ree  fa c to r s ;  th e  width o f  th e  sou rce, th e  sp h e r ic a l  
a b erra tio n , and th e  width o f  th e  d e fin in g  e x i t  s l i t  (g e n e r a lly  th e  
annular r in g  fo c u s  e x i t ) .  I f  we n e g le c t  th e  width o f  th e  source and the  
sp h e r ic a l ab erration  th e .r e s o lv in g  power i s  determined s o le ly  by th e  width 
o f  th e  e x i t  s l i t .  Under th e se  approxim ations th e  tran sm ission  in crea ses  
p rop ortion a l to  £ lh  A » rt being  th e  mean em ission  a n g le . Thus, the  
f ig u r e s  o f  m erit o f  a magnetic spectrom eter would seem to  in crea se  with  
in c r e a s in g  em ission  a n g le . The .gain in  tran sm ission  a t  a given r e so lu tio n  
i s ,  however, counterbalanced  by an in creased  sp h e r ic a l a b erra tio n . I f  the  
sp h e r ic a l ab erration  i s  taken in to  accou n t, th e  tran sm ission  Uj ( otj 
considered  a s  a fu n ctio n  o f  th e  em ission  an gle e( has a maximum fo r  a 
c e r ta in  value o f  «( which, o f  co u rse , should be taken a s  th e  most favourable  
ch o ice  fo r  th e  em ission  a n g le . I t  may be shown [DuMond, (1957)] th a t fo r  
a uniform f i e l d ,  o > u j  has a broad maximum around 40° to  4 5 ° . Both 
th e o r e t ic a l  and experim ental s tu d ie s  o f  th e  " tr ia n g u la r  f ie ld "  show th a t  
i t s  sp h e r ica l ab erration  i s  somewhat la r g e r  than th a t o f  th e  uniform f i e l d  
and th ere fo re  W (A ) in  t h i s  ca se  w i l l  have i t s  maximum a t  a low er c^ -va lue, 
30° should be c lo s e  to  the optimum v a lu e .
Thus, th e  n et e f f e c t  o f  th e  sp h e r ic a l ab erration  i s  to  l im it  
th e  mean em ission  an g le  and thereby th e  tran sm ission  (a t  a given r e so lu t io n )  
to  a c e r ta in  maximum v a lu e . The shape o f  th e  f i e l d  determ ines th e  most
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favourab le em ission  a n g le . The p o in t to  be noted th en , i s  th a t th e  
tran sm ission  (a t  a given r e s o lu t io n )  i s  not a proper f ig u r e  o f  m erit fo r  
a d ir e c t io n a l  c o r r e la t io n  instrum ent. With in crea sin g  em ission  angle  
th ere  w i l l  be a smearing out o f  th e d ir e c t io n a l c o r r e la t io n  owing to  
th e  f i n i t e  aperture angle subtended by th e  accepted  cone o f  e le c tr o n s  in  
th e  sp ectrom eter .
f a c t o r s ,  th e r e fo r e , do not s e r io u s ly  a f f e c t  th e experim ental r e s u l t s .
The co rr ec tio n  fa c to r s  fo r  th e e lec tro n  channel, however, 
d ecrease ra p id ly  with in crea sin g  em ission  a n g le . This im p lie s , in  th e  
f i r s t  p la c e , th a t th e exp erim en ta lly  measured e f f e c t  becomes sm aller and 
th ere fo re  more d i f f i c u l t  to  determ ine. The gain in  s t a t i s t i c a l  accuracy  
obtained  a s  a consequence o f  higher tran sm ission  i s  in  t h i s  way 
counterbalanced . O bviously, one should choose a value fo r  th e em ission  
a n g le  which i s  th e  most favourable compromise between s t a t i s t i c a l  
accuracy ( ]  an<3 smearing ou t ( A~i °<l j  • Secondly,
th e  ch o ic e  o f  a f a i r l y  la r g e  em ission  a n g le  im p lie s  th a t ^  (ji‘ ] and 
w il l  become rath er sm all and th e  r e s u l t s ,  th e r e fo r e , more 
s e n s i t iv e  to  th e  u n certa in ty  in  ( A") and -f .
(b ) Choice o f  Emission Angle
The problem c o n s is t s  in  f in d in g  th e  value fo r  o( which
than th e  tran sm ission  should be considered  a s  the proper f ig u r e  o f  m erit 
fo r  an electron-gamma d ir e c t io n a l c o r r e la t io n  spectrom eter. I f  we n e g le c t  
th e  sp h e r ic a l ab erration  and th e  broadening caused by th e  width o f  th e
Under normal circum stances th e  ^ .-co rrectio n  fa c to r s  ^  
and are f a ir ly  c lo se  to  u n ity  and minor errors in  th ese  co rrec tio n
maximizes th e  exp ression T his exp ression  rather
so u rce , th e  tran sm ission  may be w ritten  ( d J r Co /»J r. x
fu r th e r , we r e s t r i c t  o u rse lv es  to  a sm all angular in te r v a l %o( around th e
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mean em ission  an g le  ol , the appropriate exp ression  fo r  5* (.a' * J becomes: 
£ ^ “ • 0  =* £  ( C° S  « )  -  3 c o S a , L ~ l  ( 3 .1 )
4
C onsequently, one has:
Co''*- ^  J/sTTT^T (3.2)
which has a broad maximum around e( = 2 1 .4 ° ,
S im ilar co n s id era tio n s  apply fo r  th e  ^  ( j f j  c o r r e c t io n  fa c to r .  
T his fa c to r ,  o f  co u rse , d ecrea ses  more r a p id ly  with 4/ and c a l l s  fo r  an 
even sm aller  em ission  a n g le .
In th e  co n stru ctio n  o f  an A2 b a f f le  system i t  i s  p re fer a b le  to  
choose th e  em ission  an g le  so la r g e  th a t  th e  P  ^ co n tr ib u tio n  i s  more or  
v l e s s  com p lete ly  wiped o u t, i . e .  ^  0  • In t h i s  way th e  A2
c o e f f i c i e n t s  can be a ccu ra te ly  determ ined d ir e c t ly  from a n iso tro p y  
measurements. The A^  co n tr ib u tio n  w i l l  g iv e  o n ly  a n e g l ig ib le  co n tr ib u tio n  
t o  th e  a n iso tro p y . I f  n ecessa ry  a minor co rr ec tio n  can be ap p lied  
[P e tte r so n , Thun, and Gerholm, (1 9 6 1 )] ,
I f  one w ish es, however, t o  determ ine th e  A  ^ c o e f f i c i e n t ,  use 
o f  th e  above A2 b a f f le  system i s  o f  no h elp  whatsoever because o f  th e  
la r g e  o( v a lu e . Optimum c o n d itio n s  o f  operation  fo r  Ai*- c o e f f i c ie n t  
d eterm in ation s are obtained fo r  c{ = 12° maximizing the ex p ressio n :
= (  3 5  c o  s * ^ - Z o  CoS*<+ +3 ) f s i n  (3 .3)
In th e  fo llo w in g  pages, we w i l l  d escr ib e  th e  a c tu a l co n stru c tio n  
o f  th e  A^  b a f f le  system used in t h i s  experim ent.
(v )  Aj| B a ff le  C onstruction
In th e  case o f non-homogeneous f i e l d s  where th e  e le c tr o n  
t r a j e c t o r ie s  cannot be c a lc u la te d , the co rrec t design  param eters o f  th e
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b a f f le  system  must be determ ined by photographic ray t r a c in g , fo r  a 
d e ta ile d  knowledge o f  the e le c tr o n  t r a j e c t o r ie s  i s  im portant.
(a )  The Camera and S p e c ia l B a ff le s
A s p e c ia l  camera (F igu re 3 .5 )  was b u i l t  in  order to  take  
photographs o f  the e lec tro n ; t r a je c to r ie s  in s id e  the sp ectrom eter  chamber. 
This camera c o n s is t s  o f  a brass p la t e ,  w ith  edges A and B a ccu ra te ly  
p a r a l l e l  to  each o th e r , and four A1 rods in s e r te d  i n . i t .  These rods are 
p laced  a t  each end on e i t h e r  s id e  o f  a cen tre  l in e  and p erp en d icu lar  to  
th e p la t e .  A p la s t i c  f ilm  h o ld er  (P o la ro id  S lid e  Mount #633) i s  in se r te d  
in  p la ce  between the r e s p e c t iv e  p a ir s  o f  A1 rod s.
When the camera i s  p roperly  p la c e d , th e  edges A and B r e s t  
firm ly  in  th e  vacuum chamber, and the a x is  o f  th e sp ectrom eter  p a sses  
through th e  f ilm  ( i . e .  th e  f ilm  i s  mounted in  an a x ia l  p lane (F igure 3 .6 )  ) .
In tak in g  an a c tu a l photograph, X-ray f ilm  was c a r e fu l ly  cu t  
and mounted in  the film  fram e, Proper f id u c ia l  marks were made in  order  
t o  determ ine i t s  e x a c t  lo c a t io n  in  the sp ectrom eter  chamber.
In a d d itio n  to  the camera, 4 s p e c ia l  A l .b a f f le s  were 
co n stru cted  (F igure 3 .7 ) .  These b a f f le s  have annular s l i t s  d e f in in g  the  
e le c tr o n  em ission  a n g les  t o  th e range 12° to  1 8 .5 ° .  The mean em ission  
angle and th e tran sm issio n  o f  each b a f f le  are in d ic a te d  in  Table I .
TABLE I
B a ff le Mean Em ission Angle Transm ission
I 1 3 .0° 0.5%
II 1 5 .3 ° 0.5%
I I I 1 7 .5 ° 0.5%
IV 1 5 .1 ° 1.5%
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Film Holder
W /?yr/777Z 7y-/Z /77Z L
Brass P la te
Figure 3 .5  The Camera
♦Spectrom eter 
Chamber Wall
Spectrom eter
Axis
Camera Base
A fro n t view, o f  camera in  spectrom eter .Figure 3 ,6
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
■Annular S l i t
k-Al B a ff le
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(b )  The P h o to g ra p h y
A C s^3^ s o u r c e  was u se d  i n  t h e  r a y  t r a c i n g  e x p e r im e n t s .  U sing  
b a f f l e  IV ( f o r  maximum t r a n s m i s s i o n )  t h e  662 Kev c o n v e r s io n  l i n e  o f  
Cs^-3 ^ was f o c u s s e d  i n  t h e  s p e c t r o m e t e r .  The c u r r e n t  s e t t i n g  f o r  
f o c u s s i n g  was r e c o r d e d  and a l l  p h o to g ra p h s  were t a k e n  a t  t h i s  c u r r e n t  
s e t t i n g .  In  u s i n g  a n y  p a r t i c u l a r  b a f f l e ,  s u c h  b a f f l e  was p la c e d  
p e r p e n d i c u l a r  t o  t h e  a x i s  a t  t h e  e n t r a n c e  o f  t h e  s p e c t r o m e t e r .
Photographs o f  th e  e le c tr o n  t r a j e c t o r ie s  were taken with  
th e  e n t ir e  s e r ie s  o f  b a f f le s .  P r in ts  o f  th ese  photographs are shown in
Figure 3 . 8 .  ' S ince th e  e le c tr o n s  d e scr ib e  s p ir o id a l paths in  th e m agnetic
0.
f i e l d  t h e y  im pinge  a t  t h e  s e n s i t i v e  s u r f a c e  o f  t h e  f i l m .  A f t e r  e x p o su re  
and  p r o c e s s in g  t h e  f i l m  g i v e s  a  p i c t u r e  o f  t h e  e l e c t r o n  t r a j e c t o r i e s  a s  
t h e y  would a p p e a r  i n  a  m e r i d i a n a l  p la n e  r e v o l i n g  w i th  t h e  e l e c t r o n s  
• a ro u n d  t h e  a x i s  o f  sym m etry . From t h e s e  p h o to g ra p h s  i t  was d e c id e d  t h a t  
a  mean e m is s io n  a n g l e  much l e s s  t h a n  15°  would make t h e  c o n s t r u c t i o n  o f  
t h e  A^ b a f f l e  sy s tem  i m p r a c t i c a l .  Hence, a  mean e m is s io n  a n g le  o f  
a p p r o x im a te ly  15° was a d o p te d  f o r  t h e  A^ , b a f f l e  sy s te m  r a t h e r  t h a n  t h e  
optimum a n g le  o f  1 2 ° .
In  F ig u r e  3 .9  we have an  e n la r g e d  p r i n t  o f  a  p h o to g ra p h  t a k e n  
w i th  b a f f l e  IV i n  p l a c e .  A s i m i l a r  p h o to g ra p h  was u se d  t o  d e te r m in e  t h e  
d im e n s io n s  o f  t h e  A^ , b a f f l e  s y s te m . The r i n g  f o c u s  i s  l o c a t e d  in  t h e  r e g i o n  
o f  maximum i n t e n s i t y  on t h e  pho tog raph '.
A s u p e r p o s i t i o n  o f  p h o to g ra p h s  I ,  I I  and  I I I  was made in  
o r d e r  t o  d e te r m in e  t h e  u p p e r  and lo w e r  d e f i n i n g  e d g e s  o f  t h e  e x i t  s l i t .
Upon a n a l y s i s  o f  t h e  p h o to g ra p h s ,  t h e  Aq. b a f f l e  sy s tem  was c o n s t r u c t e d  t o  
f i t  t h e  p r o f i l e  o f  t h e  K -  l i n e .  A s c h e m a tic  o f  t h e  b a f f l e  i s  shown in  
F i g u r e . 3 .1 0 .
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( c )  The P4  B a f f l e
The c o n s t r u c t i o n  o f  t h e  A4  b a f f l e  sy s tem  n e c e s s i t a t e d  t h e  
c o n s t r u c t i o n  o f  a  P4  b a f f l e  a s  w e l l ,  i n  o r d e r  t o  d e te rm in e  t h e  c o r r e c t i o n  
f a c t o r  • S in c e  t h i s  b a f f l e  had t o  be n o r m a l iz e d  r e l a t i v e  t o
t h e  PQ b a f f l e ,  a  p o i n t  by p o i n t  p l o t  o f  t h e  P4  b a f f l e  was i m p e r a t i v e .
/
T h is  was a c c o m p lis h e d  by w r i t i n g  up  a  s u i t a b l e  com pute r  program  f o r  t h e  
d e s c r i p t i o n  of. t h e  P^ b a f f l e .  -T h is  program  was f e d  i n t o  t h e  1620 -  I I  
I .  B. M. com pute r  a t  t h e  U n i v e r s i t y .
The r e s u l t s  o f  t h e  program  were u t i l i z e d  t o  p l o t  t h e  p r o f i l e  
( c . f .  F ig u r e  2 . 6 )  o f  t h e  P4  b a f f l e .  I t  was found  t h a t  t h e  P4  b a f f l e  
p r o f i l e  c o r re s p o n d e d  e x a c t l y  t o  t h e  a r c  o f  a  c i r c l e  o f  r a d i u s  1 ,7 2 5 " .
T h i s  l a t t e r  f a c t  e n a b le d  t h e  c o n s t r u c t i o n  o f  t h e  P4  b a f f l e  t o  p ro ce e d  
w i th  r e l a t i v e  e a s e .
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CHAPTER IV 
PRELIMINARY TESTING OF THE BAFFLES
( i )  The Ai,.-Baffle  System
( a )  Shadow E f f e c t
The c e n t r a l  p a r t  o f  t h e  b a f f l e  sy s te m  i s  s u p p o r te d  by s i x
l e g s .  T hree  o f  them  i n  t h e  e n t r a n c e  end and  t h r e e  p l a c e d  n e a r  t h e  r i n g
f o c u s .  I t  i s  p o s s i b l e  t o  a d j u s t  t h e  a n g u l a r  s e t t i n g  o f  t h e  e n t r a n c e  and
e x i t  l e g s  such  t h a t  t h e i r  shadows o v e r l a p .  Thus t h e r e  a r e  e f f e c t i v e l y
o n l y  t h r e e  l e g s .
In  t h i s  e x p e r im e n t  t h e  A^ . b a f f l e  sy s tem  was t e s t e d  f o r  t h e
137shadow e f f e c t .  T h i s  was a c c o m p lis h e d  a s  f o l l o w s :  t h e  Cs 662 Kev
c o n v e r s io n  l i n e  was scanned  i n  t h e  b e t a - s p e c t r o m e t e r  w i th  t h e  e n t r a n c e  
b a f f l e  s e t  a t  v a i o u s  a n g l e s  o f  r o t a t i o n  w i th  r e s p e c t  t o  t h e  e x i t  b a f f l e  
which was h e ld  f i x e d .  The r e l a t i o n s h i p  be tw een  p eak  c o u n t i n g  r a t e  and 
a n g le  s e t t i n g  was o b s e r v e d .  The e n t r a n c e  b a f f l e  was t h e n  p e rm a n e n t ly  
f i x e d  in  t h a t  p o s i t i o n  which was found  t o  c o r r e s p o n d  . to  t h e  maximum 
peak  c o u n t i n g  r a t e .
( b )  R e s o lu t io n  v s  T ra n s m is s io n
The r e s o l u t i o n  and t r a n s m i s s i o n . o f  t h e  A^ b a f f l e  sy s te m  f o r
d i f f e r e n t  " t u r n s  open"  o f  t h e  end r i n g  were d e te r m in e d  w i th  t h e  662 Kev
137c o n v e r s io n  l i n e  o f  Cs . The p r o f i l e s  o b t a i n e d  a t  d i f f e r e n t  " t u r n s  open" 
a r e  i n d i c a t e d  in  F i g u r e s  *+.1 ( a )  and M-.l ( b ) .
From t h e s e  p r o f i l e s ,  v a l u e s  o f  r e s o l u t i o n  v s  t r a n s m i s s i o n  
were o b t a i n e d .  These  v a l u e s  a r e  l i s t e d  in  t h e  f o l l o w i n g  t a b l e :
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counts/10 s e c .
30000 —
2  8000 —
26000 —
24000 —
22000
6  T u rns  Open
20000  —
7 T u rn s  Open
18000 —
8  T u rns  Open
9 T urns  Open1 6 0 0 0 -
F u l l  Open14000
12000  —
10000  —
8000 —
6000 —
4000 —
2000  —
68006700 6900
S p e c t r o m e t e r  C u r r e n t  S e t t i n g  
F ig u r e  4 . 1 ( a )  P r o f i l e s  o f  t h e  662 Kev c o n v e r s i o n  l i n e  o f  C s ^ ^ .
R
eproduced 
with 
perm
ission 
of the 
copyright 
ow
ner. 
Further 
reproduction 
prohibited 
w
ithout 
perm
ission.
counts/10 s e c .
13000__
12000
1 1 0 0 0  —
10000 — 2  Turns  Open
2 - 3  T u rns  Open 
3 -  4 T urns  Open
9000 —
8000----
4 -  5 T urns  Open
7000 —
6000
5000
4000
3000
2000  —
1000
6700 6800 6900
F ig u re  4 .1 ( b )
S p e c t r o m e t e r  C u r r e n t  S e t t i n g  
P r o f i l e s  o f  t h e  662 Kev c o n v e r s i o n  l i n e  o f  C s ^ ^ .
TABLE I I
Turns Open R e s o l u t i o n  ( & p / p g )  T r a n s m is s io n  (ft?)
2 3.9% 0.2%
3 4.0% 0.3%
4 4.0% 0.5%
5 4.0% 0.6%
6  4.1% 0.8%
7 4.2% 1.0%
8  4 .4% ' 1.2%
9 .4.5% 1.3%'O
F u l l  Open 4.6% 1.5%
The v a l u e s  o f  t h e  t r a n s m i s s i o n  were fo u n d  a s  f o l l o w s :  
w i th  t h e  b a f f l e  sy s te m  " f u l l  open"  t h e  t r a n s m i s s i o n ,  d e f i n e d  a s  d s L . j  ij.fj' 
i s  1.5% . T h is  v a lu e  o f  CO i s  d e te rm in e d  by t h e  a n n u l a r  s l i t  w id th  o f  t h e  
e n t r a n c e  b a f f l e .  S in c e  t h e  t r a n s m i s s i o n  i s  p r o p o r t i o n a l  t o  t h e  s o l i d  
a n g le  su b te n d e d  a t  t h e  e x i t  end o f  t h e  b a f f l e ,  and s i n c e  t h e  
c o u n t i n g  r a t e  i s  a l s o  p r o p o r t i o n a l  t o  J j i . »Ct> was c a l c u l a t e d  in  t h e  
f o l l o w i n g  way:
Peak c o u n t i n g  r a t e  a t  a  g iv en  ' . ' tu rn s  open" x 1 .5  ( 4 .1 )
(JO -  ------------------------------------------------- *---------------------------------
Peak c o u n t i n g  r a t e  a t  " f u l l  open"
Upon e x a m in in g  t h e  above  p r o f i l e s  and r e s o l u t i o n - t r a n s m i s s i o n
v a l u e s ,  i t  was d e c id e d  t o  c o n d u c t  t h e  Au1 9 8  e x p e r im e n t  a t  6  " t u r n s  o p e n " .
( i i )  T e s t i n g  o f  t h e  P4  B a f f l e
Inasm uch a s  t h e r e  was v e r y  l i t t l e  p u b l i s h e d  i n f o r m a t io n
p e r t a i n i n g  t o  t h e  c o n s t r u c t i o n  o f  t h e  P4  b a f f l e ,  i t  was i m p e r a t iv e  t h a t  i t
be t e s t e d  a s  soon a s  p o s s i b l e ,  and  i t s  p e rfo rm a n c e  compared t o  t h e o r e t i c a l
c a l c u l a t i o n .  In  t h e  Aii^ 9 8  e x p e r im e n t  t o  be d e s c r i b e d  i n  t h e  n e x t  c h a p t e r ,
t h e  412 Kev K -  c o n v e r s io n  l i n e  o f  Au^-9 8  was o b s e rv e d  i n  t h e  b e ta
s p e c t r o m e t e r ,  and  t h e  r a t i o s  [N(P2 ) /  N (? q )]  and [N(P4 ) /  N(Pq) were
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d e te r m in e d  e x p e r i m e n t a l l y .  The r e s u l t s  w ere:
N(P2 )
( S ) =  ---------  = 0 .908  + 0 .013
N (?0 )
N(P4 )
J ¥( i ' ) =  ------- = 0.686 t  0.010
■ .
S in c e  t h e  t r a n s m i s s i o n  was <£.1% t h e  e x p e r im e n ta l  v a l u e s  o f  
$^(SL ) and  J sh o u ld  h av e  a p p ro x im a te d  v e r y  c l o s e l y  t h e  P2  and
Pj, L egendre  p o ly n o m ia ls  r e s p e c t i v e l y ,  ( c f .  C h a p te r  I I )  c a l c u l a t e d  a t  
t h e  mean e m is s io n  a n g le  o f  1 5 . 1 ° ,  i . e .
4; ( j l ) =  P7 ( c o s  pi ) '*)
* f  d  = 1 5 .1 °
P4 ( c o s * 0  J
A c a l c u l a t i o n  o f  P2  ( c o s  1 5 . 1 ° )  and  P^ ( c o s  1 5 , 1 ° )  y i e l d s :
P2  ( c o s  1 5 . 1 ° )  = 0 .9 0 0  
Pj, ( c o s  1 5 .1 ° )  = 0 .682
The e x p e r i m e n t a l l y  d e te r m in e d  v a l u e s  o f  j and  ^  ( S. )
t h e r e f o r e  c o r r e s p o n d  t o  t h e  t h e o r e t i c a l  v a l u e s  w i t h i n  t h e  l i m i t s  o f  e r r o r .  
T h i s  r e s u l t  was in d e e d  e x p e c te d  f o r  = N(P2 ) /  N(Pg) s i n c e  t h e
p e rfo rm a n c e  o f  t h e  P2 and Pq b a f f l e s  h a s  l o n g  been e s t a b l i s h e d  in  t h i s  
l a b o r a t o r y .  The c o r r e s p o n d e n c e  betw een a n d
how ever ,  p ro v e s  c o n c l u s i v e l y  t h a t  t h e  P^ b a f f l e  was p r o p e r l y  c o n s t r u c t e d  
and t h a t  i t  i s  a  r e l i a b l e  p i e c e  o f  e q u ip m e n t .
I t  i s  n o te d  h e re  t h a t  an  e r r o r  i n  t h e  \ ( jl~J and jr (JL~) 
d e t e r m i n a t i o n s  may be i n t r o d u c e d  a s  a  r e s u l t  o f  t h e  shadow o f  t h e  t h r e e  
l e g s .  The m ost c o r r e c t  method t o  m easure  - ^ ( i ' J a n d  J i s ;
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where (p r e p r e s e n t s  t h e  a n g le  o f  r o t a r i o n  o f  t h e  P q ,  P j ,  and P4  b a f f l e s  
w i th  r e s p e c t  t o  t h e  f i x e d  e n t r a n c e  b a f f l e ,  and  N p 0 (Q) and
JVpf  L4>) r e p r e s e n t  t h e  peak c o u n t in g  r a t e s  a t  t h e  a n g le  (p , T h is  i s ,  
how ever, a  t e d i o u s  p r o c e d u re  and a c c o r d in g  t o  Gerholm (1S61) t h e  
fo rm u la e  g iv e n  above a r e  s u f f i c i e n t l y  a c c u r a t e  p ro v id e d  t h e  P q ,  ?2 
and P^ b a f f l e s  a r e  p la c e d  such t h a t  t h e r e  i s  no shadow o f  t h e  r e a r  l e g s  
in  t h e  t h r e e  "windows1' .  Due t o  t h e  r o t a t i o n  o f  t h e  e l e c t r o n  t r a j e c t o r i e s ,  
t h i s  means t h a t  t h e  windows s h o u ld  be r o t a t e d  somewhat w i th  r e s p e c t  t o  
t h e  e n t r a n c e  l e g s .  P ro v id e d  t h i s  i s  done t h e  a n g u la r  s e t t i n g  o f  t h e  
b a f f l e s  i s  n o t  c r i t i c a l .  The above p ro c e d u re  was fo l lo w e d  in  t h e  
e x p e r im e n ta l  d e t e r m i n a t i o n  o f  and .
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CHAPTER V
THE 79 Au 1 9 8  EXPERIMENT
( i )  I n t r o d u c t i o n
F ig u re  5 .1  shows t h e  main modes o f  decay  o f  t h e  Au -^9 8  i s o t o p e .
I t  h a s  o n ly  one gamma -  gamma c a s c a d e ,  v i z ,  t h e  679 Kev 412 Kev 
c a s c a d e .  I n  t h i s  c h a p t e r  a  g am m a-e lec tron  d i r e c t i o n a l  a n g u la r  c o r r e l a t i o n  
e x p e r im e n t  t o  o b t a i n  th e  A^ ( ^  JL ) and ( y  jl  ) c o r r e l a t i o n  
c o e f f i c i e n t s  o f  t h e  679 Kev -  412 KevJZ, c a s c a d e  i s  d e s c r i b e d .
The b 2  and b^  p a r t i c l e  p a ra m e te r s  a r e  t h e n  c a l c u l a t e d  from  t h e s e  v a lu e s  and 
t h e  t a b u l a t e d  v a lu e s  o f  A^ and A^ [B ie d e n h a rn  and R ose ,  ( 1 9 5 3 ) ] .
T h is  e x p e r im e n t  has  been  p e rfo rm e d  b e f o r e  [G erho lm , ( u n p u b l i s h e d ) ] .  
However, t h e  main o b j e c t i v e  o f  th e  e x p e r im e n t  i s  t o  i n d i c a t e  a  new 
e x p e r im e n ta l  t e c h n iq u e  f o r  th e  s tu d y  o f  th e  i n t e r n a l  c o n v e rs io n  p r o c e s s ,  
and t o  a s s e s s  t h e  p e rfo rm a n c e  o f  t h e  newly c o n s t r u c t e d  A^ b a f f l e  sy s te m .
( i i )  P r e p a r a t i o n
( a )  Source  P r e p a r a t i o n
The s o u rc e  m a t e r i a l  was o b t a i n e d  i n  t h e  form o f  i r r a d i a t e d  
g o ld  f o i l .  The g o ld  was i r r a d i a t e d  a t  McMaster U n i v e r s i t y .  I t  had an 
i n i t i a l  s p e c i f i c  a c t i v i t y  o f  50 me. /  mg. A 5 mm. i n  d i a m e te r  s t r i p  o f  
t h i s  g o ld  was g lu e d  o n to  a  0 .00035"  A1 b a c k in g .  T h is  i n  t u r n  was g lu e d  
t o  an A1 r i n g  c o n s t r u c t e d  so  as  t o  f i t  i n t o  t h e  i n s t r u m e n t  s o u rc e  h o l d e r .
T h is  was t h e n  m ounted i n  t h e  Gerholm i n s t r u m e n t .  The s o u rc e  was c e n te r e d  
by f o c u s s i n g  th e  412 Kev K -  c o n v e r s io n  l i n e  o f  Au-*-9 8  ( F ig u r e  5 .2 )  i n  th e  
b e t a  s p e c t r o m e t e r .
(b )  Gamma P robe  C e n te r in g
Two gamma p ro b es  u t i l i z i n g  Nal c r y s t a l s  w ere  used  in d e p e n d e n t ly  
i n  t h e  e x p e r im e n t .  These p ro b es  were c e n t e r e d  by  com paring  th e  " £ - s i n g l e s "  
c o u n t  r a t e s  a t  v a r io u s  a n g le s  o f  th e  p r o b e .  The f i r s t  p r o b e ,  d e n o te d  ^ . - 1  ,
50
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F ig u re  5 .1  The Au -^9 9  Decay Scheme.
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counts/10 s e c .
412 Kev K -L ine
5000 —
3000 —
5S005800
S p e c t r o m e te r  C u r r e n t  S e t t i n g  
F ig u re  5 .2  412 Kev c o n v e r s io n  l i n e  o f  A u ^ ® .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
53
was s e t  a t  a n g le s  o f  1 3 0 ° ,  225° and 2 7 0 ° ;  t h e  second p r o b e ,  d e n o te d  , 
was s e t  a t  a n g le s  o f  9 0 ° ,  135° and 1 8 0 ° .
( c )  The S p e c tro m e te r  S e t t i n g s  
The gamma s p e c t r o m e te r s  were f i n a l l y  f i x e d  in  p o s i t i o n  so
t h a t  t h e  f a c e  o f  ea ch  s c i n t i l l a t o r  c r y s t a l  was 1 0  cm. from t h e  s o u rc e .
p robe  u t i l i z e d  a  2 x 2 " c r y s t a l  w hereas  t h e  ^ , - 2  p robe  u t i l i z e d  a  
1 3 /4  x 2" c r y s t a l .
The A b a f f l e  o p e n in g  was s e t  a t  6 .0  t u r n s  open , A p l a s t i c  
s c i n t i l l a t o r  i n  t h e  b e ta  s p e c t r o m e te r  was u sed  a s  t h e  c o n v e r s io n  e l e c t r o n  
d e t e c t o r .
(d )  The E x p e r im e n ta l  A rrangem ent
F ig u re  5 .3  shows a b lo c k  d ia g ra m  o f  t h e  c i r c u i t  l a y o u t  used  
f o r  t h e  a n g u la r  c o r r e l a t i o n  e x p e r im e n t .
The o u t p u t s  o f  t h e  d e t e c t o r s  a r e  d iv id e d  i n t o  a  s low  and  f a s t  
c h a n n e l .  The s low  c h a n n e l s  u s in g  l i n e a r  a m p l i f i e r s  c o n t a i n  t h e  p u l s e  
. h e ig h t  i n f o r m a t io n .  In  t h e  f a s t  c h a n n e ls *  o n ly  t h e  v e ry  f i r s t  p a r t  o f  
e a c h  p u l s e  i s  u s e d .  T h is  l e a d i n g  edge i s  shaped i n t o  a  v e r y  s h o r t  p u l s e  
(Cbd' ) 0  r/\ s-i-c, ) w i th  d e l a y  l i n e s .  The w id th  o f  t h e s e  p u l s e s  e s s e n t i a l l y  
d e te rm in e s  t h e  r e s o l v i n g  t im e  o f  t h e  c i r c u i t .  The f a s t  c i r c u i t  g i v e s  
an o u tp u t  f o r  an<3 c o in c id e n c e s  b u t  n o t  f o r  f r r  f a  c o in c i d e n c e s
( F ig u r e  5 . 4 ) .  The o u t p u t s  o f  t h e  two s low  c h a n n e l s  and  o f  t h e  f a s t  
c o in c i d e n c e  c i r c u i t  a r e  f e d  i n t o  two slow  t r i p l e  c o in c id e n c e  c i r c u i t s .
The o u t p u t s  o f  t h e s e  slow  c o in c id e n c e  c i r c u i t s  and o f  t h e  s i n g l e  c h a n n e l  
a n a l y s e r s  a r e  r e c o r d e d  in  s c a l e r s .
The gam m a-e lec tron  d i r e c t i o n a l  c o r r e l a t i o n  was f u l l y  
a u to m a te d  [Young, ( 1 9 6 5 ) ] .  A d e t a i l e d  d e s c r i p t i o n  o f  t h e  e l e c t r o n i c s  
d e s c r i b e d  above has  been g iven  by C o le lo u g h  (1963) and Young ( 1 9 6 5 ) ,  and 
may be r e f e r r e d  t o  f o r  f u r t h e r  i n f o r m a t io n .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
F i g u r e  5 .3  A B lo c k  D iag ram  o f  C i r c u i t  L a y o u t
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( i i i )  Experim ental Procedure
Th® ^  ( JL ] snd ) co rrectio n  fa c to r s  were determined
TQO
exp erim en ta lly  u sin g  th e 412 Kev K -  conversion  l in e  o f  Au . The 
-r e s u lts  were:
= 0.908 1  0 .013
j  = 0.686 + 0.010
The ^ -sp e c tro m eter s  were then s e t  t o  accept the 679 Kev 
gamma photopeak (F igure 5 . 5 ) .  This energy s e t t in g ,  however, was lo ca ted  
on the t a i l  o f  th e  stron g  412 Kev gamma photopeak (F igure 5 , 5)  and so  
? -  412 Kev gamma co in c id en ces appeared as background.
The b e t a  spectrom eter was s e t  on th e peak o f  the 412 Kev 
K -lin e  (F igure 5 . 2 )  and co in cid en ces were recorded w ith  the gamma 
spectrom eters a t  th e  an gles 1 8 0 ° , 225° ,  270° fo r  and 90 ° ,  1 35°,
270° fo r
The b eta  spectrom eter was then s e t  o f f  the peak o f  ,the 412 Kev 
K -lin e  and the background co in cid en ces were recorded a t  the above a n g les .
The chance (a c c id e n ta l)  co incid en ce counting ra te  was 
determined under each s e t  o f  co n d it io n s . This was accom plished by 
d elay in g  th e  p u lses  from the b eta  spectrom eter by means o f  a delay  
l in e  ca b le .
( i v )  Treatment o f  Data and C a lcu la tion s
The data was corrected  fo r  chance and decay o f  the so u rce , 
and norm alized to  the s in g le  channel counting r a t e s .  The genuine 
co in c id en ce  ra te  a t  each angle was then determined by su b tra c tin g  the  
corrected  "OFF PEAK" data from the corrected  "ON PEAK" data, A summary 
o f  the r e s u lt s  are shown in  Table I I I  fo r  each c o r r e la t io n  a n g le .
The uncorrected  va lu es o f  A2 and A4 ( were
ob ta in ed  by s o lv in g  the equation:
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TABLE I I I
'  J2. C o r r e l a t i o n  R e s u l t s
( I )  For th e  - 1  P robe
On Peak C ountsAngle
180°
223°
270°
3765 1  61 
4478 X  67 
4565 X  6 8
O ff  Peak Counts
2317 +. 48 
2368 X  49 
2128 * 46
G enuine  C oun ts
1448 ± 78 
2110 83
2437 ± 82
A2   ^ S’  ^ = " 0 ,2 7  77 0 ,0 3  "^ U n c o r r e c t e d
r f o r  F i n i t e  
A4  = + 0 ,0 7  X  0 .0 4  J  S o l i d  Angle
( I I )  For t h e  p - 2  P robe
Angle On Peak C ounts O f f  Peak Counts G enuine  C ounts
180°
135°
90°
6110 + 78 
6383 X  80 
6782 - t  82
4452 L  67 
440 2 t  6 6  
4269 t  65
1658 t  103 
1901 t  104 
2513 t  105
A = -  0 ,2 9  1 0 , 0 4 ^  U n c o r re c te d
V f o r  F i n i t e  
A ( £  O  = + 0 .0 6  t  0 . 0 4 J  S o l i d  Angle
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W(<20 = 1 + A- ( r. £ ' )  P0  ( co sO O  T Ak (9£L~) ( cos  £.) ( 5 . 1 )
2 j /  2 4 ( j 4
a t  a l l  a n g le s  f o r  each  gamma p ro  b e g , - I  and ^,-£5 . These v a lu e s  a r e  t a b u l a t e d
i n  T ab le  I I I .  The v a lu e s  o f  Ao ( CjZ* ) and An ( c  •£." ) c o r r e c t e d  f o r  f i n i t e
^ v ^ <T
s o l i d  a n g le  a lo n g  w i th  t h e  v a lu e s  o f  ^  and a re  t a b u l a t e d  i n  T ab le  IV. 
The mean v a lu e s  o b t a i n e d  w ere :
A2  ( £ , £ . ' )  = -  0 .3 2  ±  0 . 0 2
a^  = + o.io i :  o.o4
The v a lu e s  o f  t h e  A0 and  A^ c o e f f i c i e n t s  and  o f  t h e  b 2
p a r t i c l e  p a r a m e te r  o b t a i n e d  by Gerholm ( u n p u b l i s h e d ) ,  w hich  a re  i n
ag re e m e n t  w i th  t h e  t h e o r e t i c a l  v a lu e s  o f  B ie d e n h a rn  and Rose ( 1 9 5 3 ) ,  a r e
l i s t e d  i n  T ab le  V.
U t i l i z i n g  t h e  v a lu e s  o f  A2  (^^p  ) and A4  ( p  £. ) from T a b le  V
and o u r  e x p e r i m e n t a l  v a lu e s  o f  A2  ( ^  JZ~ ) anc* A^ ( jp .£” ) we o b t a i n :
A0  ( C/ JL' )
0 ub 2  = --------------------  = 1 .1 9  £  0 .1 5
A 0  ( O  )
2  /  0
bj, = --------------------- = 0 .5 3  Z  0 .2 5
\  ( $• *  )
U sing  th e  r e c u r s i o n  fo rm u la  f o r  b 2 ( C h a p te r  I )  we o b t a i n :  
b 2  = 1 .4 0  -  bi, = 1 .19  ^ 0 . 1 0
2 . 5
( v )  S r r c r s
The dom inan t e x p e r i m e n t a l  e r r o r  was s t a t i s t i c a l  i n  n a tu r e  
and was due p r i m a r i l y  t o  t h e  low s p e c i r i c  a c t i v i t y  o f  t h e  c o u r s e .
( v l )  C o n c lu s io n s
The v a lu e s  o b t a i n e d  f o r  th e  b 2  p a r t i c l e  p a r a m e te r  i n d i c a t e  
t h a t  t h e  new e x p e r i m e n t a l  method f o r  t h e  s tu d y  o f  t h e  i n t e r n a l  c o n v e r s io n
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p r o c e s s  y i e l d s  an im proved  a c c u ra c y  i n  t h e  'r>2 d e t e r m i n a t i o n .  A f u r t h e r  
m e r i t  o f  t h e  method i s  s e e n  i n  th e  f a c t  t h a t  a  r e a s o n a b le  v a lu e  o f  b2  
i s  o b t a i n e d  from th e  r e c u r s i o n  fo rm u la  d e s p i t e  a  somewhat l a r g e  e r r o r  
i n  A4 .
F u r th e r m o r e ,  i t  i s  c o n c lu d e d  t h a t  t h e  b a f f l e  sy s te m  was 
p r o p e r l y  c o n s t r u c t e d  s i n c e  t h e  e x p e r im e n ta l  d e t e r m i n a t i o n s  o f  t h e
v a l u e s .  T h is  ag reem en t i s  c o n t i n g e n t  upon t h e  p r o p e r  c o n s t r u c t i o n  o f  
t h e  s y s te m .
In  f u t u r e  work i n v o l v i n g  t h e  d e t e r m i n a t i o n  o f  p a r t i c l e  
p a r a m e te r s  a s  w e l l  as  o f  c o n v e r s io n  c o e f f i c i e n t s  t h e  u se  o f  s t r o n g e r  
s o u r c e s  seems s t r o n g l y  i n d i c a t e d .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
BIBLIOGRAPHY
A r n s , R.G.  and W iedenbeck , M.L. 195S. P h y s ,  Rev. I l l ,  1631, 
B ie d e n h a r n ,  L,C.  and R ose ,  M.E. 2953. Revs. Modern P h y s .  2 5 ,  729. 
C h u rch , E . L.  and W enese r ,  J .  1956. P h y s .  Rev. 10 4 , 1382.
C o lc lo u g h , J . D .  -  T h e s i s ,  A ssum ption  U n i v e r s i t y  o f  W in d so r ,  (1 9 6 3 ) .  
C olem an, C .F . 1958, N u c le a r  P hys .  5 ,  495.
Du Mond, J.W. 1957. Ann. P hys .  2 ,  283 .
F e r e n t z ,  M. and R osenzw e ig ,  N. 1955. AEC R e p o r t  ANL -  5324,
F r a u e n f e l d e r , H.F.  1955. i n  " E e ta  and Gamma S p e c t r o s c o p y "
(K. S ie g b a h n ,  e d . ) .  p .  531 , I n t e r s c i e n c e ,  N.Y.
G erholm , T . R . , H olm berg , L. and P e t t e r s o n ,  B.G.  ( u n p u b l i s h e d ) .
G erholm , T .R . 1961. Ark. f .  F y s i k ,  2 1 ,  253 .
G erholm , T .R . ( u n p u b l i s h e d ) .
G re e n ,  T .A . and R ose ,  M.E. 1958 . P hys .  Rev. 1 1 0 ,  105 .
N i c h o l s ,  R. and J e n s e n ,  E. 1954. P h y s .  Rev. 9 4 ,  369.
P e t t e r s o n ,  B . G . , Thun, J . E .  and G erholm , T .R . 1961. N u c le a r  P hys .
2 4 ,  223 .
W est ,  H . I .  1959. U.C.R.L.  5451.
Young, R.H. -  T h e s i s ,  U n i v e r s i t y  o f  W in d s o r ,  (1 9 6 5 ) .
62
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
VITA AUTORIS
1941 -  b o rn  i n  W in d so r ,  O n ta r io  on December 8 .
1960 -  g r a d u a t e d  from Corpus C h r i s t !  H i g h * , W in d so r ,  O n t a r i o .
1963 -  r e c e i v e d  3 a c h e i o r  o f  S c ie n c e  i n  P h y s i c s ,  U n i v e r s i t y  o f  W indsor.
-  e n t e r e d  t h e  F a c u l ty  o f  G rad u a te  S t u d i e s  a t  t h e  U n i v e r s i t y  o f
W indsor t o  p r o c e e d  to w ard  M.Sc. d e g re e  i n  P h y s i c s .
63
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
